The influences of rotation and uneven heating condition as well as passage aspect ratio on the local heat transfer coefficient and pressure drop in a rotating, two pass ribroughened (rib height e/Di-i 0.27; rib pitch pie 8) rectangular channel with a crosssection aspect ratio of 3 was studied for Reynolds numbers from 5000 to 25,000 and rotation numbers from 0 to 0.24. Regionally averaged Nusselt number variations along the duct have been determined over the trailing and leading surfaces for two pass straight channels and U-bend region. Implementing with the data from Hsieh and Liu (1996) for AR and 1.5 with p/e= 5 and e/DH=O.17 and 0.20, passage aspect ratio effect was further examined. Furthermore, data for 180 U-bend region with ribroughened turbulator on heat transfer were also measured. It was found that a complicated three-dimensional accelerated flow and secondary flow in this U-bend region caused higher heat transfer on both leading/trailing walls. Enhancement performance ratios are also presented and discussed. Results again indicate a slight decrease in heat transfer coefficient for an increase in passage aspect ratio as compared to those of previous studies.
INTRODUCTION
Owing to the increase in the turbine inlet temperature of gas turbine engines, there is an urgent need today to obtain a higher efficiency in the engines of aircraft, ships and many other industrial applications. Parallel with the evolution of metal working at high temperatures, several methods of cooling rotor blades have been tried and developed. Cooled blades are widely used in modern engines. Radial channel cooling is a commonly used method. These channels are often designed with two artificially roughened and two smooth walls, and the designer must know the heat transfer coefficient on each of the walls in order to predict the turbine airfoil's life correctly. Naturally, it is also necessary to know the pressure loss for such a channel. Highly sophisticated cooling techniques such as augmented internal convective cooling have been employed for turbine blades in order to maintain acceptable safety requirements under extreme operating conditions. However, it is important to understand the effect of blade rotation on local heat transfer coefficient distribution inside the serpentine coolant passages (Yang et al., 1992) and the surface heating conditions.
As the increase in heat transfer rate is accompanied by a friction factor increase, the preferred roughness geometry will yield the desired heat transfer augmentation with a minimum friction factor. The internal passages can be approximately modeled as square or rectangular channels with two oppositely rib-roughened walls. The heat transfer and friction characteristics in these channels are different from those of circular tubes, parallel plates, or annuli (Hong and Hsieh, 1993; Hsieh and Hong, 1995) .
Rotation of turbine blade cooling passages give rise to Coriolis and buoyancy forces that can significantly alter the local heat transfer in the inward coolant passage from the development of cross-stream (Coriolis), as well as radial (buoyant) secondary flows (see, for example, Wagner et al., 1992) . Buoyancy forces in gas turbine blades are substantial because of high rotational speeds and coolant temperature gradients. Therefore, a better understanding of Coriolis and buoyancy effects and the capability to predict the heat transfer response to these effects will allow the turbine blade designer to achieve optimum cooling configurations that utilize less flow and, consequently, reduce the compressor power as well as thermal stresses in the airfoil. In addition, under realistic conditions, the blade surface is subjected to different or uneven heat flux or temperature on the leading or trailing surface of the serpentine square channels. Furthermore, it is shown (Parsons et al., 1994; Hsieh and Liu, 1996) that the uneven wall heat flux/temperature creates local buoyancy forces that would change the effect of the rotation, which results in changes in the local heat transfer coefficients on the leading/trailing surface due to the uneven heat flux especially for multipass flow channels (Parsons et al., 1994; Zhang et al., 1995) . The results presented in this paper are aimed at studying the local heat transfer and pressure drop in a rotating two-pass ribbed rectangular channel. The channel aspect ratio effect on heat transfer and pressure drop data were presented and discussed.
The study presents friction and heat transfer measurements from both the straight channels (first and second pass) and the U-bend region with rib-roughened surfaces in a rotating rectangular channels of aspect ratio 3. Measurements were obtained for pressure drop and local temperature distribution. Also, the geometric parameters, such as AR, p/e, and e/DH of this investigation are different from those of Hsieh and Liu (1996) .
EXPERIMENTAL APPARATUS AND PROCEDURE
The present test facility is similar to that used by Hsieh and Liu (1996) with a slight modification in rib placement design (including U-bend region) and flow passage. The facility comprised a heat section, a blower, a motor, a heat source, two slip ring assemblies, and a datalogger. The test section consisted of a ribbed two-pass serpentine flow channel with 1.0 x 3.0cm rectangular cross sectional channel, mounted on a shaft supported by two bearings. The rotating shaft speed is measured by a digital photo tachometer. The air used for the test fluid was blown through the test section via a rotating seal assembly in the radially outward direction with a 2 kW centrifugal blower. A 34.0-mm-dia. pipe, equipped with a 17.0-mm-dia.
orifice plate (Co--0.66), was used to measure mass flow rate. After passing through the orifice plate, the air enters the plenum cylinder in the hollow shaft and it flows through the straightener fixed in the interior of the shaft to eliminate the initial swirl before entering the rectangular duct. The Reynolds numbers based on the channel hydraulic diameter (Dz-/) ranged from 5,000 to 25,000.
To determine the locally averaged streamwise heat transfer coefficients in the channel along the flow direction, the two-pass test flow channel is divided into 9 sheet copper sections (Hsieh and Liu, 1996 ) (see Fig. for details) and Tbx is the bulk mean air temperature. The surface area is the projection area which does not include the surface of the rib. The electrical power generated from the heater is determined from the measured heater resistance and voltage on each wall of the test duct. The effect of axial wall conduction between copper sections on the local net heat transfer rate is less than 3.06 percent, which is also included in the data analysis.
The value of Tbx is obtained by energy balance, and defined as Tbx=To+}--Qnet/(GCp), where -Qnet is the summation of net heat given to the air from the entrance (about 27C) to a specified positions along the downstream distance. The heat loss is the amount of heat conducted into the test section and test stand but not converted directly into the air. Tests for heat loss are performed at the same rotating speed, without coolant flow. All input power levels are used to determine heat losses as functions of temperature differences between the copper plate and the surroundings. It is found that the average ratio of heat loss power-to-total power input is from 0.10 to 0.22 at Rei-i= 5000 as rotational speed increase from 0 to 800 rpm. The heat conduction between adjacent copper plates was less than 1.5% of the total power input to the copper plates. The (1) with Pr-0.7. The uncertainty in temperature measurement is estimated to be +0.5C. The maximum nondimensional uncertainty intervals for the variables concerned in this study are estimated and given in Table II . Generally, the stationary heat transfer ratio for the present case is about 2.2-2.8 in the most portion of the channels.
In the first outflow pass (0 < x/Die <_ 20), the local Nusselt number ratios for the trailing wall increase while the Nusselt number ratios for the leading wall decrease relative to their corresponding nonrotating value as Ro increases from 0 to 0.24. The reverse holds in the inflow pass (23 _< x/Die<42). This is because rotation induces the Coriolis forces that produce secondary crossstream flows and it makes the first outflow pass trailing and second inflow pass leading boundary layers become thinner. Simultaneously, it also thickens the first pass leading and the second pass trailing boundary layers. Due to such thinning or thickening of the boundary layers, the heat transfer coefficients for the first pass trailing and second pass leading walls are higher with rotation than those without.
On the contrary, the heat transfer coefficients for first pass leading and second pass trailing walls are lower with rotation than those without. The decrease in heat transfer at the leading(first pass)/ trailing(second pass) surface due to rotation can be explained by the reverse of the reasons stated before. This behavior is reduced as Ro decreases.
The above mentioned findings agree well with those reported by Hsieh and Liu (1996) Hsieh and Liu (1996) . The reason can be seen from Hsieh and Liu (1996) eventually at x/Di-i= 38 in the second channel as shown in Figures 7(a) and (b) . The data also indicate that in both the first and second straight channels, the frictional pressure drops are not significantly affected by rotation. However, the
friction factor due to the U-bend influence can be clearly noted especially for the smooth U-bend as shown in Figure 7 (a). This is perhaps because the flow separation due to the up/down stream sharp corners occurs at right after (before) the inlet (exit)
of the U-bend. Such a behavior becomes a little bit modest due to the rib effect for the ribbed U-bend as shown in Figure 7 (b). The values of fifo for both smooth/and ribbed U-bends seem the same. Maximum fifo was also found within the both (i.e., smooth/and ribbed) U-bend region. Furthermore, as mentioned earlier, the heat flux level does have something to do with fifo which is the same (4) as Figure 7 shows. For all the cases under study, the value at each position along the channels increases as Ro increases. Finally, the fifo conventional enhancement performance ratio (r/), defined (5) as (Nu/Nuo)/(f/fo) distribution with r/from 0.5 to 2 for all the cases under study along the streamwise distance was presented in Figure 8 . The results show that several values of r/ (for most trailing surfaces) are bigger than and in fact, at several locations within the U-bend regions r/, can be up to 2. The trailing surface has a higher r as compared to the corresponding leading surface.
The streamwise distribution of heat transfer coefficients in the first channel with rotation is similar to that of developing flow in the entrance region of a passage without rotation and is again in good agreement with previous studies (Han et al., 1993 and Liu, 1996) . (1996) that an aspect ratio increase would result in a decrease in averaged heat transfer in both straight channels (i.e., first/second pass). Pressure drop measurements strongly reveals that with the ribbed U-bend the streamwise distribution of fifo would be lower than that channel with smooth U-bend.
Enhancement performance ratio (7) distribution along the streamwise distance was presented by using the conventional ratio of (Nu/Nuo)/(f/fo). It is found that r can be up to 2 right after the upstream sharp turn of the U-bend.
NOMENCLATURE CONCLUSION
The influences of uneven wall temperature and channel aspect ratio on the local heat transfer coefficients as well as friction factor in a rotating, two-pass rectangular channel with ribbed walls on both straight channels and U-bend region were studied for Ro from 0 to 0.24 by varying the Reynolds number from 5000 to 25000. 
